INTRODUCTION {#rrw110s1}
============

Effects of low-dose (below 0.5 Gy) or low-dose-rate irradiation on mammalian tissues have recently been highlighted. After the accident at the Fukushima Daiichi Nuclear Power Station in 2011, particularly close attention has been paid to low-dose and low-dose-rate radiation effects in relation to protection of human health \[[@rrw110C1]\]. The focus has been on the bio-effects of irradiation at a low dose or lower dose rate, and hyper-radiosensitivity (HRS) has been reported \[[@rrw110C2]--[@rrw110C4]\] \[sometimes referred to as 'inverse dose-rate effects' (IDREs)\] under continuous irradiation \[[@rrw110C5], [@rrw110C6]\]. IDREs were observed not only in the form of mutations or chromosomal aberrations \[[@rrw110C7], [@rrw110C8]\] but also in cell viability (clonogenic survival) \[[@rrw110C9]\]. Biological experiments suggest some potential causes of IDREs (low-dose-rate HRS), such as accumulation of cells in G~2~ phase during protracted irradiation \[[@rrw110C9], [@rrw110C10]\], functional disorder of DNA repair with low dose irradiation \[[@rrw110C11]--[@rrw110C13]\] and non-targeted effects (so-called 'bystander effects') \[[@rrw110C14]--[@rrw110C16]\]. However, the mechanism for inducing IDREs is still unclear. Estimating the contribution due to each cause is crucial if we are to clarify the mechanism for IDREs.

For evaluating the surviving fraction of cells after irradiation, the microdosimetric-kinetic (MK) model was proposed by Hawkins \[[@rrw110C17], [@rrw110C18]\], and it has been used in the fields of radiation biology and radiotherapy \[[@rrw110C19]--[@rrw110C22]\]. This model considers the number of DNA double-strand breaks (the main factor leading to cell death) induced by ionizing radiation \[[@rrw110C18], [@rrw110C19]\]. By solving rate equations for the numbers of potentially lethal lesions (PLLs) and lethal lesions (LLs), the relation between absorbed dose (*D*) and cell surviving fraction can be deduced by considering energy depositions around radiation particles (microdosimetry) \[[@rrw110C19], [@rrw110C23]\] and dose-rate effects (DREs) \[[@rrw110C18], [@rrw110C20], [@rrw110C24]\]. Previously, based on experimental data, we proposed an MK model that takes account of several types of irradiation schemes, such as single-dose instantaneous irradiation, split-dose irradiation and continuous irradiation \[[@rrw110C18], [@rrw110C22], [@rrw110C24]\]. However, the model which we previously used for evaluating the DREs did not consider the condition of the amount of DNA, which is dependent upon the cell cycle during protracted irradiation; thus, the DREs need to be re-evaluated after improvement of the MK model so as to incorporate the amount of DNA associated with the accumulation of cells in G~2~ during protracted irradiation.

DREs have usually been investigated experimentally using mammalian cell lines in the plateau phase \[[@rrw110C8], [@rrw110C25]\]. The plateau phase represents the situation in the majority of cells in most biotissues. In plateau phase, the cell population consists mainly of cells in the G~0~ or G~1~ phase (e.g. 80% of the cells are in G~1~ phase) \[[@rrw110C26]\]. Some biological experiments have clearly shown the modulations in the radiosensitivity for every phase of cell cycle in cultured mammalian cells \[[@rrw110C27], [@rrw110C28]\]. Cell survival during the period of G~2~ tends to be lower than that in G~1~ \[[@rrw110C28]\], which may be because the DNA damage is enhanced by doubling the amount of DNA, in spite of the high repair efficiency of homologous recombination (HR) \[[@rrw110C29]\]. Therefore, a shift in the cell population ratio of the G~1~ to G~2~ phases may enhance radiosensitivity at the endpoint of cell survival. The phase difference of the cell in terms of the amount of DNA was incorporated into the MK model \[[@rrw110C30]\], which enabled us to consider the change in the average amount of DNA per nucleus triggered by accumulation of cells in G~2~. To our knowledge, there have been few trials that compared the measured cell viability with theoretical studies concerning the amount of DNA and the kinetics of DNA lesions (DNA repair and transformation of PLLs into LLs) during irradiation.

The purpose of this study was to investigate cell survival curves, focusing on accumulation of cells in the G~2~ phase for two dose rates, 1.00 Gy/h and 0.186 Gy/h, by using an improved MK model. In terms of biological experiments and theoretical evaluation, we evaluated how accumulation of cells in G~2~ exerts an influence on cell viability under protracted irradiation. This model study gives us some clues about the mechanism for IDREs on cell survival.

MATERIALS AND METHODS {#rrw110s2}
=====================

Methodology in the MK model {#rrw110s2a}
---------------------------

A cell nucleus is assumed to consist of a few hundred micro territories, called domains. For simplicity, the domain is generally defined as a sphere with diameter from 1.0 to 2.0 μm \[[@rrw110C18]--[@rrw110C21]\]. When ionizing radiation transfers its energy into a cell domain, PLLs may be induced. In the MK model used here, a PLL is assumed to undergo one of three transformations until the time *t*~*r*~ \[h\]: (i) a PLL may transform into a LL via a first-order process at a constant rate *a*, (ii) two PLLs may transform into a LL via a second-order process at a constant rate *b*~*d*~, (iii) a PLL may be repaired via a first-order process at a constant rate *c* \[[@rrw110C18]--[@rrw110C22]\].

Energy is absorbed into domains along the track of electrons generated by the incident X-rays. The absorbed dose per domain is randomly distributed over all domains. Let *z* be a dose value to one of the domains, called the specific energy (in Gy). A number of PLLs are created in proportion to the specific energy and the amount of DNA in the domain. If the mass of DNA per domain is denoted by *g*, which varies from domain to domain according to the cell phase \[[@rrw110C20], [@rrw110C30]\], the number of PLLs in the domain as a function of time after irradiation, *x*~*d*~(*t*), is described by $$\frac{d}{dt}x_{d}(t) = - (a + c)x_{d}(t) - 2b_{d}x_{d}{(t)}^{2}.$$ However, since the second term on the right-hand side is usually negligibly small compared with the first term \[[@rrw110C18]\], $$\frac{d}{dt}x_{d}(t) \cong - (a + c)x_{d}(t).$$

This can be solved as $$x_{d}(t) = k_{d}gze^{- (a + c)t},$$ where *k*~*d*~*gz* is the average number of PLLs per domain. The number of LLs in the domain, *w*~*d*~, can be expressed as the following rate equation, $$\frac{d}{dt}w_{d} = ax_{d}(t) + b_{d}x_{d}{(t)}^{2}.$$ Equations [2](#rrw110M3){ref-type="disp-formula"} and [3](#rrw110M4){ref-type="disp-formula"} are used for the kinetics of the number of PLLs and LLs in the domain.

Continuous irradiation and the MK model including the amount of DNA {#rrw110s2b}
-------------------------------------------------------------------

For irradiating biocells to a prescribed dose level, an irradiation period of time is necessary, depending on dose rate. Here we suppose that the population is exposed to radiation for the irradiation time *T* (h), but the energy is absorbed discontinuously into each domain. If the irradiation time *T* is divided into *N* sections, we have the relationship *T* = *N*Δ*T*, where Δ*T* is a constant period of time \[[@rrw110C22]\]. As described in Fig. [1](#rrw110F1){ref-type="fig"}a and b, in the present study we assume that the continuous irradiation is equivalent to a multi-fractionated irradiation with a dose per fraction. Let *z*~1~, *z*~2~,..., *z*~*N*~ and *g*~1~, *g*~2~,..., *g*~*N*~ be the specific energy and the amount of DNA in a domain at each period, 0\~Δ*T*, Δ*T* \~2Δ*T*,..., (*N*−1) Δ*T* \~*N*Δ*T*, respectively. Thus, the number of PLLs per domain is given (using Eq. [2](#rrw110M3){ref-type="disp-formula"}) as: $$\begin{array}{l}
{x_{d}(t) = k_{d}g_{1}z_{1}e^{- (a + c)t}} \\
\left\lbrack 0 \leq t < \Delta T \right\rbrack \\
{x_{d}(t) = \sum\limits_{n = 1}^{2}{k_{d}g_{n}z_{n}e^{- (a + c)(t - (n - 1)\Delta T)}}} \\
\left\lbrack \Delta T \leq t < 2\Delta T \right\rbrack \\
 \vdots \\
{x_{d}(t) = \sum\limits_{n = 1}^{N - 1}{k_{d}g_{n}z_{n}e^{- (a + c)(t - (n - 1)\Delta T)}}} \\
\left\lbrack (N - 2)\Delta T \leq t < (N - 1)\Delta T \right\rbrack \\
{x_{d}(t) = \sum\limits_{n = 1}^{N}{k_{d}g_{n}z_{n}e^{- (a + c)(t - (n - 1)\Delta T)}}} \\
\left\lbrack (N - 1)\Delta T \leq t < t_{r} \right\rbrack \\
{x_{d}(t) = \sum\limits_{n = 2}^{N}{k_{d}g_{n}z_{n}e^{- (a + c)(t - (n - 1)\Delta T)}}} \\
\left\lbrack t_{r} \leq t < t_{r} + \Delta T \right\rbrack \\
{x_{d}(t) = \sum\limits_{n = 3}^{N}{k_{d}g_{n}z_{n}e^{- (a + c)(t - (n - 1)\Delta T)}}} \\
\left\lbrack t_{r} + \Delta T \leq t < t_{r} + 2\Delta T \right\rbrack \\
 \vdots \\
{x_{d}(t) = \sum\limits_{n = N - 1}^{N}{k_{d}g_{n}z_{n}e^{- (a + c)(t - (n - 1)\Delta T)}}} \\
\left\lbrack t_{r} + (N - 3)\Delta T \leq t < t_{r} + (N - 2)\Delta T \right\rbrack \\
{x_{d}(t) = k_{d}g_{N}z_{N}e^{- (a + c)(t - (N - 1)\Delta T)}} \\
\left\lbrack t_{r} + (N - 2)\Delta T \leq t < t_{r} + (N - 1)\Delta T \right\rbrack \\
{x_{d}(t) = 0.\left\lbrack t_{r} + (N - 1)\Delta T \leq t \right\rbrack} \\
\end{array}$$ Next, by substituting Eq. [4](#rrw110M5){ref-type="disp-formula"} into Eq. [3](#rrw110M4){ref-type="disp-formula"} and integrating the rate equation for LL over each period of time, the integrated number of LLs in the domain is deduced as: $$\begin{array}{l}
{w_{d} = \left\lbrack {\frac{ak_{d}}{(a + c)} + \frac{ck_{d}}{(a + c)}e^{- (a + c)t_{r}}} \right\rbrack\sum\limits_{n = 1}^{N}\left( {g_{n}z_{n}} \right)} \\
{+ \frac{b_{d}{k_{d}}^{2}}{2(a + c)}\left\lbrack {1 - e^{- 2(a + c)t_{r}}} \right\rbrack\sum\limits_{n = 1}^{N}\left( {g_{n}^{2}z_{n}^{2}} \right) + \frac{b_{d}{k_{d}}^{2}}{2(a + c)}\left\lbrack {1 - e^{- 2(a + c)t_{r}}} \right\rbrack} \\
{\times \left\{ \frac{2}{\left\lbrack 1 - e^{- 2(a + c)t_{r}} \right\rbrack} \right.\sum\limits_{n = 1}^{N - 1}\sum\limits_{m = n + 1}^{N}\left\lbrack e^{- (m - n)(a + c)\Delta T} \right.} \\
{\left. {\left. {- e^{- (a + c)(2t_{r} - (m - n)\Delta T)}} \right\rbrack g_{n}g_{m}z_{n}z_{m}} \right\}.} \\
\end{array}$$

![Schematic of irradiation regimen: (a) for fractionated irradiation with dose $\overset{˙}{\mathbf{D}}$Δ*T* (Gy) at interval *ΔT* (h) and (b) for continuous irradiation at dose rate $\overset{˙}{\mathbf{D}}$ (Gy/h). In the MK model, it is assumed that the dose is absorbed discontinuously into the cells. For simplicity, the irradiation time *T* is divided into *N* sections \[[@rrw110C22]\], and the low-dose-rate continuous irradiation is made of infinite fractionations at a low dose.](rrw110f01){#rrw110F1}

Then, assuming that *t*~*r*~ is infinite, as discussed by Hawkins \[[@rrw110C20]\], Eq. [5](#rrw110M6){ref-type="disp-formula"} can be approximated by: $$\begin{array}{l}
{w_{d} = A\sum\limits_{n = 1}^{N}\left( {g_{n}z_{n}} \right) + B\sum\limits_{n = 1}^{N}\left( {g_{u}^{2}z_{n}^{2}} \right)} \\
{+ B\left\{ {2\sum\limits_{n = 1}^{N - 1}{\sum\limits_{m = n + 1}^{N}{\left\lbrack e^{- (m - n)(a + c)\Delta T} \right\rbrack g_{n}g_{m}z_{n}z_{m}}}} \right\},} \\
\end{array}$$ where $A = \frac{ak_{d}}{(a + c)}$ and $B = \frac{b_{d}{k_{d}}^{2}}{2(a + c)}$.

Let \<*w*\> be the average number of LLs per cell nucleus and \<*w*~*d*~\> the average number of *w*~*d*~ per domain, thus \<*w*\> and \<*w*~*d*~\> can be linked as: $$\begin{array}{l}
{\left\langle w \right\rangle = \sum\limits_{i = 1}^{p}\left\langle w_{d} \right\rangle} \\
{= \sum\limits_{n = 1}^{N}\left\lbrack {A\left\langle G_{n} \right\rangle\int_{0}^{\infty}{z_{n}f(z_{n})dz_{n}}} \right.} \\
\left. + {B\prime}\left\langle G_{n} \right\rangle^{2}\Phi_{n}\int_{0}^{\infty}{z_{n}}^{2}f(z_{n})dz_{n} \right\rbrack \\
{+ 2{B\prime}\sum\limits_{n = 1}^{N - 1}{\sum\limits_{m = n + 1}^{N}\left\{ {\left\lbrack e^{- (m - n)(a + c)\Delta T} \right\rbrack\left\langle G_{n} \right\rangle\left\langle G_{m} \right\rangle} \right.}} \\
{\left. {\times \int_{0}^{\infty}{z_{n}f(z_{n})dz_{n}}\int_{0}^{\infty}{z_{m}f(z_{m})dz_{m}}} \right\}.} \\
\end{array}$$

Here, *p* is the average number of domains per cell nucleus, *f*(*z*~*n*~) is the probability density of the specific energy for each period, \<*G*~*n*~\> = *p*\<*g*~*n*~\> is the amount of DNA per cell nucleus, and *B'* = *B/p*, Ф~*n*~ = \<*g*~*n*~^2^\>/\<*g*~*n*~\>^2^ is a dimensionless parameter. Assuming that \<*z*~*n*~\> is the average dose to a cell for period Δ*T* (h) and the absorbed dose rate is constant during the total irradiation time *T* (h) (\<*z*~1~\> = \<*z*~2~\> =, ..., = \<*z*~*n*~\> = $\overset{˙}{D}$Δ*T*), we have: $$\begin{array}{l}
{\left\langle w \right\rangle = \sum\limits_{n = 1}^{N}\left\lbrack {\left. ({A\left\langle G_{n} \right\rangle + \gamma{B\prime}\left\langle G_{n} \right\rangle^{2}\Phi_{n}} \right)\overset{˙}{D}\Delta T + {B\prime}\left\langle G_{n} \right\rangle^{2}\Phi_{n}{(\overset{˙}{D}\Delta T)}^{2}} \right\rbrack} \\
{+ 2{B\prime}\left\{ {\sum\limits_{n = 1}^{N - 1}{\sum\limits_{m = n + 1}^{N}{\left\lbrack e^{- (m - n)(a + c)\Delta T} \right\rbrack\left\langle G_{n} \right\rangle\left\langle G_{m} \right\rangle}}} \right\}{(\overset{˙}{D}\Delta T)}^{2},} \\
\end{array}$$ where $$\left\langle z_{n} \right\rangle = \int_{0}^{\infty}{z_{n}f(z_{n})dz_{n}} = \overset{˙}{D}\Delta T,$$$$\int_{0}^{\infty}{{z_{n}}^{2}f(z_{n})dz_{n}} = \left\langle z_{n} \right\rangle^{2} + \frac{y_{D}}{\rho\pi{r_{d}}^{2}}\left\langle z_{n} \right\rangle = {(\overset{˙}{D}\Delta T)}^{2} + \gamma\overset{˙}{D}\Delta T.$$$\overset{˙}{D}$ is the constant absorbed dose rate (Gy/h), *y*~*D*~ is the dose-mean lineal energy (keV/μm) as the microdosimetric parameter, *ρ* and *r*~*d*~ are the density and radius of the domain \[*ρ* = 1.0 (g/cm^3^) and *r*~*d*~ = 0.5 (μm)\], respectively. To write Eq. [8](#rrw110M9){ref-type="disp-formula"} compactly, we define: $$\alpha_{n} = A\left\langle G_{n} \right\rangle,$$$$\beta_{n} = {B\prime}\left\langle G_{n} \right\rangle^{2}\Phi_{n},$$$$\beta_{nm} = {B\prime}\left\langle G_{n} \right\rangle\left\langle G_{m} \right\rangle.$$ Assuming that the number of LLs per nucleus follows the Poisson distribution, the expression of cell surviving fraction (*S*) is given by the fraction of clonogenic cells having no LL as: $$\begin{array}{l}
{\left\langle w \right\rangle = {\sum\limits_{n = 1}^{N}\left. \lbrack{{({\alpha_{n} + \gamma\beta_{n}})}\overset{˙}{D}\Delta T + \beta_{n}{(\overset{˙}{D}\Delta T)}^{2}} \right\rbrack}} \\
{+ 2\sum\limits_{n = 1}^{N - 1}{\sum\limits_{m = n + 1}^{N}{{\{\beta_{nm}\left\lbrack e^{- (m - n)(a + c)\Delta T} \right\rbrack}\}}{(\overset{˙}{D}\Delta T)}^{2}}} \\
{= - \ln S.} \\
\end{array}$$ Equation [11](#rrw110M15){ref-type="disp-formula"} represents the cell surviving fraction, including the change in amount of DNA during irradiation, \<*G*~1~\>, \<*G*~2~\>,..., \<*G*~*n*~\>. The relative amount of DNA in the cell nucleus is supposed to correspond to the relative amount of DNA measured by means of staining DNA in the nucleus with propidium iodide (PI) or DAPI \[[@rrw110C31]\].

Conformance of the MK model to the previous continuous irradiation model {#rrw110s2c}
------------------------------------------------------------------------

If we neglect the change in amount of DNA during the cell cycle (i.e. *α*~*n*~ *= α*~0~ *=* constant and *β*~*n*~ *= β*~*nm*~ = *β*~0~ *=* constant) and take the limit *N* to infinity, the expression in Eq. [11](#rrw110M15){ref-type="disp-formula"} is transformed as follows: $$\begin{array}{l}
{\lim\limits_{N\rightarrow\infty}( - \ln S)} \\
{= \lim\limits_{N\rightarrow\infty}\sum\limits_{n = 1}^{N}\left\lbrack {\left( {\alpha_{0} + \gamma\beta_{0}} \right)\overset{˙}{D}\Delta T + \beta_{0}{(\overset{˙}{D}\Delta T)}^{2}} \right\rbrack} \\
{+ 2\lim\limits_{N\rightarrow\infty}\sum\limits_{n = 1}^{N - 1}{\sum\limits_{m = n + 1}^{N}\left\{ {\beta_{0}\left\lbrack e^{- (m - n)(a + c)\Delta T} \right\rbrack} \right\}{(\overset{˙}{D}\Delta T)}^{2}}} \\
{= \left( {\alpha_{0} + \gamma\beta_{0}} \right)\overset{˙}{D}T + \beta_{0}\left\{ {\frac{2}{{(a + c)}^{2}T^{2}}\left\lbrack {(a + c)T + e^{- (a + c)T} - 1} \right\rbrack} \right\}{\overset{˙}{D}}^{2}T^{2}.} \\
\end{array}$$ Thus, we have $$- \ln S = \left( {\alpha_{0} + \gamma\beta_{0}} \right)D + F\beta_{0}D^{2},$$ where $$F = \frac{2}{{(a + c)}^{2}T^{2}}\left\lbrack {(a + c)T + e^{- (a + c)T} - 1} \right\rbrack$$$$D = \overset{˙}{D}T.$$ Here, *D* is the accumulated absorbed dose (Gy). Equation [12](#rrw110M17){ref-type="disp-formula"} corresponds to the surviving fraction formula with the Lea--Catcheside time-factor \[[@rrw110C24], [@rrw110C32]\]. In consideration of the discrete deposition of the energy by electrons into the domain, we regarded the coefficient of *D* as a constant value independent of the irradiation time *T* because the single particle pathway can cause an instantaneous pairwise combination of PLLs per domain. In contrast, the coefficient of *D*^2^ is affected by *T* because this process is induced by the combination of PLLs along two different particle pathways in a non-coincident fashion.

Cell culture and irradiation conditions {#rrw110s2d}
---------------------------------------

In order to investigate the responses of cells exposed to protracted irradiation in terms of the amount of DNA per nucleus and clonogenic survival, we used the Chinese hamster ovary (CHO)-K1 cell line, obtained from RIKEN Bio Resource Center, Japan (RCB0285). The cell culture was maintained in Dulbecco\'s modified Eagle\'s medium (DMEM, Sigma Life Science) with 10% fetal bovine serum (FBS, Nichirei Biosciences Inc., Tokyo, Japan) at 37 °C in a humidified 95% air and 5% CO~2~ incubator. A population of 4 × 10^5^ cells was seeded on the cell culture dish with *ϕ* 60 mm (Nippon Genetics) and cultured for 4 days to obtain a confluent monolayer in the plateau phase.

As the standard radiation, 250 kVp X-rays (Stabilipan, Siemens, Concord, CA) were applied. We measured the dose rate in air at the surface of the cell culture (using a Farmer-type ionization chamber model NE2581, Nuclear Enterprises Ltd) and determined the dose rate and absorbed dose in water according to TRS 277 \[[@rrw110C33]\]. Based on the assumption that continuous irradiation with a low dose rate is the ultimate form of infinite fractionation with impulse-like irradiation \[[@rrw110C6]\], the cells were irradiated with 1.00 Gy or 0.186 Gy (1.00 Gy/min or 0.186 Gy/min for 1 min) per fraction at 1 h intervals $\lbrack\overset{˙}{D}$Δ*T* = 1.00 or 0.186 (Gy), Δ*T* = 1.0 (h)\], i.e. the conditions as illustrated in Fig. [1](#rrw110F1){ref-type="fig"}a.

Flow cytometric analysis of amount of DNA stained with propidium iodide {#rrw110s2e}
-----------------------------------------------------------------------

During the time in each fraction for 0, 2, 4, 6, 8, 10 and 12 h, 10^6^ cells in phosphate-buffered saline (PBS)(--) (0.5 ml) were fixed with 70% ethanol (4.5 ml) and kept at 4°C for at least 2 h. After a centrifugation, the cells were resuspended in 1 ml of PBS(--). The cells in suspension were then centrifuged again, and the DNA in the cell nucleus was stained in 0.5 ml FxCycle^TM^ PI/RNase staining solution (Life Technologies) with 0.2% v/v triton X for 15--30 min in the dark at room temperature.

The DNA stained with PI was measured by using the Attune acoustic focusing flow cytometer (Applied Biosystems by Life Technologies TM). The intensity was normalized by that of cells in G~0~/G~1~ phase. In addition, the fractions of the cells in G~0~/G~1~, S and G~2~/M phases were measured from the histogram of the amount of DNA, assuming that the distributions for the G~0~/G~1~ and G~2~/M phases were Gaussian.

Clonogenic survival assay {#rrw110s2f}
-------------------------

After irradiation following the regimen with 1.00 Gy per fraction, the cells were trypsinized and their number was counted. Next, the cells in the optimal number were reseeded on the *ϕ* 60 mm cell culture dish (Nippon Genetics) and cultured in a CO~2~ incubator. After culturing for 10 days, the cells were fixed with methanol directly and stained with 2% Giemsa solution (Kanto Chemical Co. Inc., Tokyo, Japan). The number of colonies per dish was counted, and the survival rate was determined by the plating efficiency of the non-irradiated cells. Finally, the relationship between the integral absorbed dose (Gy) and log *S* was obtained.

Description of the cell survival curve with change in amount of DNA {#rrw110s2g}
-------------------------------------------------------------------

To evaluate the contribution of the change in amount of DNA per cell to the cell survival, the relative amount of DNA measured by flow cytometric analysis was incorporated into the MK model expressed in Eq. [11](#rrw110M15){ref-type="disp-formula"}. The relative amount of DNA per cell nucleus at irradiation round *n*, \<*G*~*n*~\>/\<*G*~1~\> and \<*G*~*n*~\>^2^Ф~*n*~/\<*G*~1~\>^2^ Ф~1~, was calculated by $$\frac{\left\langle G_{n} \right\rangle}{\left\langle G_{1} \right\rangle} = \frac{\int{G_{n}f(G_{n})dG_{n}}}{\int{G_{1}f(G_{1})dG_{1}}}$$ and $$\frac{\left\langle G_{n} \right\rangle^{2}\Phi_{n}}{\left\langle G_{1} \right\rangle^{2}\Phi_{1}} = \frac{\left\langle G_{n}^{2} \right\rangle}{\left\langle G_{1}^{2} \right\rangle} = \frac{\int{G_{n}^{2}f(G_{n})dG_{n}}}{\int{G_{1}^{2}f(G_{1})dG_{1}}},$$ where *f*(*G*~*n*~) is the probability density of the cells, which have an amount of DNA *G*~*n*~ per nucleus. The relative amount of DNA data for 1.00 Gy/h and for 0.186 Gy/h were curve fitted by an exponential function by the least squares method. The function was then incorporated into the MK model.

The parameters used in this study are listed in Table [1](#rrw110TB1){ref-type="table"}. They were determined by Eqs [12](#rrw110M17){ref-type="disp-formula"}--[14](#rrw110M19){ref-type="disp-formula"} and our previous survival data for a constant rate of irradiation for 10 min \[[@rrw110C24]\] as follows: *F* for *T* = 10 min was calculated from (*a + c*) = 0.704 ± 0.118 in Eq. [13](#rrw110M18){ref-type="disp-formula"},(*α*~0~ + *γβ*~0~) \[= (*α*~1~ + *γβ*~1~)\] and *β*~0~ (= *β*~1~) were determined by fitting the linear--quadratic formula in Eq. [12](#rrw110M17){ref-type="disp-formula"} to the cell survival data (for single-dose irradiation for 10 min),*α*~0~ (=*α*~1~) was calculated using the parameters ((*α*~0~ + *γβ*~0~), *β*~0~ and *γ* = 0.924).Table 1.Parameters in the MK model for the CHO-K1 cell line in the plateau phaseParameters in the MK modelValues (mean ± sd)*α*~1~ = *A*〈*G*~1~〉 (= *α*~0~) (Gy^−1^)0.155 ± 0.027*β*~1~ = *B*〈*G*~1~^2^〉 (= *β*~0~) (Gy^−2^)0.048 ± 0.003(*a* + *c*) ≒ *c* (h^−1^)^[\*](#rrw110tfn1){ref-type="fn"}^0.704 ± 0.118*ρ* (g/cm^3^)1.000*r*~*d*~ (μm)0.500*γ* = *y*~*D*~/(*ρ*π*r*~*d*~^2^) (Gy) (250 kVp X-rays)0.924[^1]Before evaluating the effect of amount of DNA during irradiation on the cell survival curve, we confirmed that fractionated irradiation with 1.50, 1.00 and 0.186 Gy per fraction at 1 h intervals is equivalent to continuous irradiation at the rate of 1.50, 1.00 and 0.186 Gy/h, respectively. Then, the cell survival curves taking account of the measured amount of DNA during irradiation (Eq. [11](#rrw110M15){ref-type="disp-formula"}) were depicted in comparison with the curves based on the previous MK model (Eq. [12](#rrw110M17){ref-type="disp-formula"}). Finally, we evaluated the influence of change in amount of DNA during irradiation on the surviving fraction by comparing the curves based on the model with our survival data (fractionated regimen at 1.00 Gy/h on average) and the data reported by Metting et al. (continuous iradiation at 1.50 and 0.186 Gy/h) \[[@rrw110C34]\].

Statistics and model conformance {#rrw110s2h}
--------------------------------

The difference in the kinetics of cell phase (G~0~/G~1~, S, G~2~/M) from those of the group before irradiation \[*t* = 0 (h)\] was evaluated by using a multiple comparison method, the Tukey--Kramer test. For evaluating the model conformance to the *S* and −log *S*, Chi-square values were calculated by: $$\chi_{S}^{2} = \sum\limits_{i = 1}^{n}\frac{{(S_{\exp} - S_{MK})}^{2}}{S_{MK}}$$$$\chi_{- \log S}^{2} = \sum\limits_{i = 1}^{n}{\frac{{( - \log S_{\exp} + \log S_{MK})}^{2}}{- \log S_{MK}},}$$ where *S*~exp~ is the measured surviving fraction, *S*~MK~ is the surviving fraction calculated by the MK model, *n* is the number of data, and $\chi_{S}^{2}$ and $\chi_{- \log S}^{2}$ are the Chi-square values of *S* and −log of *S*, respectively.

RESULTS AND DISCUSSION {#rrw110s3}
======================

Validation of irradiation regimen for demonstrating continuous irradiation {#rrw110s3a}
--------------------------------------------------------------------------

Before evaluation of the dose-rate effects on biocells, we verified that the approximated design in which the fractionated regimen with pulsed irradiation was equivalent to continuous irradiation. Figure [2](#rrw110F2){ref-type="fig"} illustrates the dose versus surviving fraction relationship in the fractionated regimen for 1.50, 1.00 and 0.186 Gy at 1 h intervals in comparison with that in continuous irradiation with 1.50, 1.00 and 0.186 Gy/h. The curve for the fractionated regimen was calculated using Eq. [11](#rrw110M15){ref-type="disp-formula"} in the MK model with a constant amount of DNA during irradiation, and the curve for continuous irradiation was determined using Eqs [12](#rrw110M17){ref-type="disp-formula"}--[14](#rrw110M19){ref-type="disp-formula"}. The curves were depicted by theoretical calculations using the MK parameters summarized in Table [1](#rrw110TB1){ref-type="table"} on the assumption that the amount of DNA is constant during irradiation. The cell survival curves coincide with each other for every integrated dose up to 15 Gy, suggesting that the accumulated number of LLs for fractionated irradiation is the same as that for continuous irradiation. This result justifies the evaluation of the cell survival after irradiation at 0.186 Gy/h and 1.00 Gy/h by means of the fractionated regimen of this study.

![Comparison of fractionated regimens (dotted lines) with 0.186, 1.00 and 1.50 Gy at 1 h intervals with continuous irradiation (solid lines) at 0.186, 1.00 and 1.50 Gy/h according to the theoretical calculation based on Eq. [11](#rrw110M15){ref-type="disp-formula"} in the MK model for the fractionated regimen and Eqs [12](#rrw110M17){ref-type="disp-formula"}--[14](#rrw110M19){ref-type="disp-formula"} for continuous irradiation. The parameters for the MK model are summarized in Table [1](#rrw110TB1){ref-type="table"}. The number in this figure represents the dose rate in Gy/h. This figure confirms that continuous irradiation is equivalent to fractionated irradiation with pulsed irradiation.](rrw110f02){#rrw110F2}

Kinetics of the cell cycle and change in the amount of DNA in the cell population during irradiation {#rrw110s3b}
----------------------------------------------------------------------------------------------------

Figure [3](#rrw110F3){ref-type="fig"} shows the probability densities of amount of DNA in the cell population: the left-hand side graphs are for non-exposed cells (control); the central graphs are for 0.186 Gy/h exposure; the right-hand graphs are for 1.00 Gy/h exposure. The probability density was obtained from the flow cytometric data of the DNA histogram. From the DNA histogram given in Fig. [3](#rrw110F3){ref-type="fig"}, we obtained the kinetics of the cell cycle distributions for the control experiment and for protracted exposures (Fig. [4](#rrw110F4){ref-type="fig"}a--c). While there were no significant changes in the cell cycle in the control experiment (Fig. [4](#rrw110F4){ref-type="fig"}a), the fraction of cells in G~2~/M phase increased by 6.7% for the 0.186 Gy/h experiment (Fig. [4](#rrw110F4){ref-type="fig"}b) and by 22.1% for the 1.00 Gy/h experiment (Fig. [4](#rrw110F4){ref-type="fig"}c). As shown in Fig. [4](#rrw110F4){ref-type="fig"}, we can detect a subtle accumulation of cells in the G~2~/M phase under 0.186 Gy/h and a noticeable accumulation under 1.00 Gy/h. According to previous investigations \[[@rrw110C35], [@rrw110C36]\], the threshold dose for blocking the progression of the cell cycle at the G~1~/S checkpoint is 3.00\~5.00 Gy, and the threshold for blocking the progression at the G~2~ checkpoint is only 0.09 or 0.20 Gy. On the assumption that 1.0 Gy was absorbed into the cell population per fraction in this experiment, it is inferred that the G~2~ checkpoint system was activated, while the G~1~/S checkpoint was kept inactivated. On the other hand, 0.186 Gy is a dose value close to the threshold at which the G~2~/M checkpoint functions. Our flow cytometric data (Figs [3](#rrw110F3){ref-type="fig"} and [4](#rrw110F4){ref-type="fig"}) support previous reports on cell cycle checkpoint functioning \[[@rrw110C35]--[@rrw110C37]\].

![Probability density of the relative amount of DNA per cell nucleus in the CHO-K1 cell line: the left-hand side graphs represent the results of the control experiment (0 Gy) in the contact plateau phase, the central graphs represent the results for 0.186 Gy/fr at 1 h intervals, and the right-hand graphs represent the results for 1.00 Gy/fr at 1 h intervals. DNA was stained with propidium iodide (PI) and measured by using a flow cytometer.](rrw110f03){#rrw110F3}

![Kinetics of the fractions of the cells in G~0~/G~1~, S and G~2~/M phases during fractionated irradiation. The data were analyzed statistically for the (a) control, (b) 0.186 Gy/h and (c) 1.00 Gy/h experiments. The single asterisks and double asterisks represent *P* \< 0.05 and *P* \< 0.01 significant differences, respectively. In this figure, we can observe the subtle accumulation of G~2~/M cells with 0.186 Gy/h and the significant accumulation with 1.00 Gy/h.](rrw110f04){#rrw110F4}

In regard to the relative amount of DNA in the cell population, the average per nucleus \<*G*~*n*~\>/\<*G*~1~\> and mean-square values \<*G*~*n*~\>^2^Ф~*n*~/\<*G*~1~\>^2^ Ф~1~ are shown in Fig. [5](#rrw110F5){ref-type="fig"}a and b; these values were calculated from the data in Fig. [3](#rrw110F3){ref-type="fig"}, using Eqs [15](#rrw110M20){ref-type="disp-formula"} and [16](#rrw110M21){ref-type="disp-formula"} for the present fractionated irradiation regimen. The MK model can describe the kinetics of the DNA damage modified by the change in amount of DNA shown in Figs [3](#rrw110F3){ref-type="fig"} and [5](#rrw110F5){ref-type="fig"}, and takes account of the numbers of the PLLs and the pairwise combination of PLLs per domain. In Fig. [5](#rrw110F5){ref-type="fig"}a and b, the symbols (triangles for 1.00 Gy/h, diamonds for 0.186 Gy/h and circles for control) represent the experimentally determined relative amounts of DNA, and the lines are the interpolated curves described by the exponential function. Because of there being no significant differences over time for the control experiment, we determined that the relative amount of DNA was unity in the case of control experiment. The results under protracted exposures show that the average amount of DNA in the cell population increases as the fraction number increases, which depends on the magnitude of the dose rate.

![Change in amount of DNA per cell nucleus during irradiation. The relative amounts of DNA \<*G*~*n*~\>/\<*G*~1~\> and \<*G*~*n*~^2^\>/\<*G*~1~^2^\> were calculated by using the probability density of the amount of DNA shown in Fig. [3](#rrw110F3){ref-type="fig"} and Eqs [17](#rrw110M22){ref-type="disp-formula"} and [18](#rrw110M23){ref-type="disp-formula"}. In these figures, the symbols represent the experimentally observed relative amounts of DNA (triangles for 1.00 Gy/h, diamonds for 0.186 Gy/h and circles for control), and the lines are the interpolated curves described by the exponential function. The data were analyzed statistically in the (a) control, (b) 0.186 Gy/h and (c) 1.00 Gy/h experiments. The average amount of DNA in the cell population increased as the fractionation number increased, depending on the magnitude of the dose rate. The bars represent standard errors of the mean.](rrw110f05){#rrw110F5}

Target theory is well known in the field of radiation biology \[[@rrw110C38], [@rrw110C39]\]. A salient feature of the present study is that the amount of DNA (associated with the accumulation of cells in G~2~) was quantified as the volume of the target per domain or per cell nucleus, which may bring about the possibility of enhancing DNA damage.

Influence of the amount of DNA during irradiation on the cell survival curve {#rrw110s3c}
----------------------------------------------------------------------------

According to the above-mentioned irradiation design (Fig. [2](#rrw110F2){ref-type="fig"}), we evaluated the cell survival curves for two dose rates: 0.186 and 1.00 Gy/h. The survival curve for fractionated irradiation was determined by Eq. [11](#rrw110M15){ref-type="disp-formula"} including the change in the amount of DNA is shown in Fig. [5](#rrw110F5){ref-type="fig"} (hereafter, we denote this the MK-DNA model), while the curve not including the change in the amount of DNA was determined by Eq. [12](#rrw110M17){ref-type="disp-formula"} (hereafter the MK-previous model). Figure [6](#rrw110F6){ref-type="fig"}a and b show comparisons between the curves for the MK-DNA model (solid line) and the MK-previous model (dotted line) together with experimental survival data (symbols) for 0.186 Gy/h (report by Metting *et al*. \[[@rrw110C34]\]) and 1.00 Gy/h (our work). In addition, as shown in Fig. [6](#rrw110F6){ref-type="fig"}c, we also evaluated the survival curve for 1.50 Gy/h (the closest dose rate to 1.00 Gy/h used in this study) by comparing it with the continuous irradiation data of Metting *et al*. \[[@rrw110C34]\]. The curves for the two models for 1.50 Gy/h were calculated in the same manner as for 1.00 Gy/h. To demonstrate continuous irradiation, the time interval Δ*T* was set to be 1/10 h.

![Clonogenic cell survival and cell survival curves calculated by the MK model: (**a**) for 0.186 Gy/h, (**b**) for 1.00 Gy/h and (**c**) for 1.50 Gy/h. The symbols (open diamonds, crosses and open triangles) in Fig. [6](#rrw110F6){ref-type="fig"}b represent our experimental survival data, and the open circles in Fig. [6](#rrw110F6){ref-type="fig"}a and [6](#rrw110F6){ref-type="fig"}c represent the data reported by Metting *et al*. \[[@rrw110C34]\]. Dotted lines represent the curves described by the previous MK model with constant amounts of DNA, and solid lines represent the curves described by our MK (MK-DNA) model with increases in the amount of DNA. The fidelity of the MK-DNA model was better than that of the previous model (Table [2](#rrw110TB2){ref-type="table"}).](rrw110f06){#rrw110F6}

Over a large absorbed dose range, the surviving fraction described by the MK-DNA model featured a higher radiosensitivity than that described by the MK-previous model. As listed in Table [2](#rrw110TB2){ref-type="table"}, the *χ*^2^ ($\chi_{S}^{2}$, $\chi_{- \log S}^{2}$) values obtained with the MK-DNA model for 1.00 and 1.50 Gy/h are smaller than those obtained with the MK-previous model. Inversely, the values obtained with the MK-DNA model for 0.186 Gy/h are not smaller than those obtained with the MK-previous model. This discrepancy is represented by difference in the surviving fractions in the higher dose region, as shown in Fig. [6](#rrw110F6){ref-type="fig"}a. Contrary to this, the cell survival curves for the dose rates with 1.00 and 1.50 Gy/h can be favorably reproduced by incorporating the amount of DNA modulated by the accumulation of cells in G~2~. Under protracted irradiation such as 0.186 Gy/h, there is a possibility that other factors such as cell proliferation \[[@rrw110C21], [@rrw110C40], [@rrw110C41]\] and adaptive response \[[@rrw110C42], [@rrw110C43]\] affect the surviving fraction. Further investigations are necessary on this point with regard to lower-dose-rate exposure. Nevertheless, in terms of the *χ*^2^ values for the three dose rates, the estimation fidelity of the MK model was improved, as shown in the total *χ*^2^ values in Table [2](#rrw110TB2){ref-type="table"}. The change in amount of DNA per nucleus should be taken into consideration when predicting the characteristics of cell fate after protracted exposure. Table 2.Comparison of the MK model with and without change in the amount of DNA per cell nucleusDose rateChange in amount of DNA (type of the MK model)χ^2^-values (survival)χ^2^-values (−log of survival)0.186 Gy/hIncrease → Saturated (MK-DNA model)0.0220.090Constant (MK-previous model)0.0170.0621.00 Gy/hIncrease → Saturated (MK-DNA model)0.2541.102Constant (MK-previous model)0.3041.6941.50 Gy/hIncrease → Saturated (MK-DNA model)0.0190.117Constant (MK-previous model)0.0370.213TotalMK-DNA model0.2951.309MK-previous model0.3581.968

Evaluation of the dose-rate effects correlated with accumulation of cells in G~2~ and HRS {#rrw110s3d}
-----------------------------------------------------------------------------------------

To see the influence of the amount of DNA on the characteristic curves for the DREs (Fig. [5](#rrw110F5){ref-type="fig"}), we estimated the cell survival curves for various dose rates ranging from 0.25 to 2.0 Gy/h. These dose rates might have caused accumulation of cells in G~2~. The surviving fraction was estimated with the use of increasing DNA condition under 1.00 Gy/h irradiation, and the survival curves were described by the MK-DNA model ($\overset{˙}{D}$Δ*T* = 0.1 Gy) for various dose rates. Figure [7](#rrw110F7){ref-type="fig"} shows the estimated DREs of the cell survival curve for four dose rates between 0.25 and 2.0 Gy/h, where HRS was confirmed by comparing the surviving fractions by the MK-DNA model with those by the MK-previous model.

![Estimated dose-rate effects from the MK-DNA model in comparison with the previous MK model. The change of DNA amount during the irradiation at 1.00 Gy/h (solid line in Fig. [5](#rrw110F5){ref-type="fig"}) was used for estimating the cell survival curves for various dose rates, and the surviving curves were calculated by Eq. [11](#rrw110M15){ref-type="disp-formula"} in the MK-DNA model. The numbers in this figure represents the dose rate (in Gray per hour).](rrw110f07){#rrw110F7}

In the MK-DNA model expressed in Eq. [11](#rrw110M15){ref-type="disp-formula"}, the amount of DNA in the cell population was incorporated into the model by the parameters \<*G*~*n*~\> and \<*G*~*n*~\>^2^Ф~*n*~. The number of PLLs increased due to an increase in the amount of DNA in the cell nucleus. As the result of DNA damage enhancement, the MK-DNA model indicated a higher radiosensitivity than indicated by the MK-previous model. In addition, this demonstration evoked a hypothesis that the increase in PLLs due to accumulation of cells in G~2~ may induce a lot of miss-rejoining of DNA and chromosomal aberrations under protracted irradiation. Whether this is the case or not, the change in amount of DNA per nucleus during irradiation appears to be one of the important factors for inducing HRS when irradiation times become longer.

Although other factors for inducing HRS (such as disorder of the DNA repair mechanisms and non-targeted effect) are not discussed in this study, we deduced the relationship between accumulation of cells in G~2~ and higher radiosensitivity from a combination of biological experiments and a theoretical approach based on a mathematical model. Previously, it was reported that the CHO-K1 cell line rarely shows low-dose HRS \[[@rrw110C13]\]. However, in the case of protracted irradiation, HRS was observed in experiments and this feature was interpreted by the mathematical model. The model used in this study may be able to describe the cell survival curves more faithfully by including HRS in the high dose range. Hence, the MK-DNA model may contribute not only to the evaluation of effects on the human body of long-term exposure to radiation, but also to accuracy in prediction of cell-killing in radiotherapy such as brachytherapy.

CONCLUSION {#rrw110s4}
==========

In this study, we investigated the contribution of the accumulation of cells in G~2~ during protracted irradiation to determining the surviving fraction of cells exposed to 250 kVp X-rays. To demonstrate protracted continuous irradiation, an equivalent multifractionated irradiation scheme was applied to a population of CHO-K1 cells. The approximate design was validated by using a theoretical approach in the form of the MK model, which showed that a fractionated regimen with pulsed irradiation is equivalent to continuous irradiation. The amount of DNA per nucleus was quantified by flow cytometric analysis with PI; the experimental results showed a subtle accumulation of cells in G~2~ under 0.186 Gy/h and a noticeable accumulation under 1.00 Gy/h. We modified the MK model so as to incorporate the amount of DNA per nucleus during irradiation (the MK-DNA model). The MK-DNA model, which considered the change of DNA amount per nucleus during irradiation, reproduced experimental clonogenic survival data with good agreement. In addition, the MK-DNA model in the high dose range featured a higher radiosensitivity than the previous MK model. Under the conditions of a notable accumulation of cells in G~2~ during protracted irradiation, the dose-rate effects might be affected by modulation of the amount of DNA per nucleus during irradiation. Changes in the amount of DNA per nucleus due to cell accumulations in G~2~ are possibly related to HRS in the high dose range.
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[^1]: ^\*^(*a + c*) (h^−1^) can be approximated by *c* (h^−1^) because the value *a* is a few percentage of *c* \[[@rrw110C12], [@rrw110C14]\].
